ABSTRACT We have studied the expression, in different Escherichia coli gin (ntr) mutants, of fusions (constructed in vitro) of the nifHDK (nitrogenase) promoters from Klebsiela pneumoniae and Rhizobium meliloti to E. coli lacZ. Derepression of the K. pneumoniae nifH::lacZ fusion requires the glnF (ntrA) gene product in addition to the K. pneumoniae nifA gene product, indicating that regulation of the K. pneumoniae'nifgenes is more closely integrated with the overall nitrogen control system than previously demonstrated. Derepression of the R. meliloti nifH::IacZ fusion in E. coli by the K. pneumoniae nifA gene product (which we had previously shown) exhibits the same requirement for glnF. Derepression of the R. meliloti nifH::lacZ fusion, but not the K. pneumoniae nifH::lacZ fusion, can be mediated by the glnG (ntrC) gene product, suggesting that the gin regulatory genes might directly regulate the symbiotic nitrogen fixation genes in Rhizobium.
genase is composed of polypeptides encoded by genes nifH, nifD, and nifK, which are situated within an operon transcribed in the direction nifH to nifK. The nifHDK operon is itself located within a larger cluster of at least 17 contiguous nif genes, which are organized into seven or eight operons. One nifoperon, the nifLA operon, codes for regulatory proteins ( Fig.   1 ; reviewed in refs. 1 and 2) . The nifA product is involved in activation of all the other nifoperons, whereas the nifL product is involved in repression of these operons under certain physiological conditions (3, 4) .
Recent studies of nitrogen assimilation in enteric bacteria' have shown that the process is under the control of a central regulatory system. The products of three genes, glnF (or ntrA), glnL (or ntrB), and ginG (or ntrC), have been identified as the regulatory proteins involved in this process (refs. 6-9) . Under conditions of nitrogen limitation, the ginG product appears to act in concert with the glnF product to activate a variety of ni- trogen catabolism genes such as those involved in histidine utilization (hut) and proline utilization (put). Under conditions of nitrogen excess, the ginG product has been postulated to act in concert with the glnL product to repress the transcription of these same genes (reviewed in ref. 10 ). The nif genes of the enteric bacterium K. pneumoniae are indirectly under the control of the gin regulatory system due to the fact that the nifLA operon is regulated by ginG and glnF (11) (12) (13) . Recently, our laboratory has shown that nifA can substitute for ginG in vivo; i.e., the nifA protein can activate the same genes as the ginG protein (13) . In this study, we have examined whether the gin regulatory system can regulate K. pneumoniae nif genes in ad- dition to the nifLA operon. We show that activation of a nifH::lacZ fusion (and by implication the nifHDK operon) requires glnF in addition to nifA.
In contrast to K. pneumoniae, the bacterium Rhizobium meliloti in the free-living state does not reduce dinitrogen; it reduces dinitrogen only in symbiosis with alfalfa. Our laboratory has shown that the K. pneumoniae and R. neliloti nifHDK genes are arranged similarly in an operon transcribed from nifH to nifK (14, 15) and that the K. pneumoniae nifA product can activate the promoters for the nifHDK operons from both K. pneumoniae and R. meliloti (16) , indicating that the control systems regulating nifHDK expression might be conserved between the two genera. Here we examine the effect of ginG product on the expression in Escherichia coli of the nifHDK promoters from the two species. We now show that the ginG product can activate a R. meliloti nifH::lacZ.fusion, but not the K. pneumoniae nifH::lacZ fusion. This finding suggests that the gin regulatory proteins might be more directly involved in the regulation of nif genes in symbiotic nitrogen-fixing organisms than in K. pneumoniae.
MATERIALS AND METHODS
Construction of pVSA2. A 0.294-kilobase (kb) EcoRI/Hga I fragment containing the nifH promoter of K. pneumoniae (17) was inserted into the lacZ-carrying plasmid pMC1403 (18) as shown in Fig. 2A pgln53Y (13) is an ampicillin-resistant tetracycline-sensitive derivative of pgln53 (9) . Like pgln53, it is a glnG+ plasmid that carries a fusion of the glnA promoter to glnG on a pBR322 vector; it synthesizes the glnG protein from the low-level-constitutive glnA promoter.
Measurement of fi-Galactosidase Activity. Five-milliliter cultures of strains harboring lacZ fusions were grown anaerobically to saturation at 30°C in nif-derepression medium (3) with 0.2% (NH4)2SO4 supplemented with 0.2% L-glutamine and the appropriate antibiotics (kanamycin at 10 ,ug/ml, ampicillin at 50 ,ug/ml, or both) and resuspended with nitrogen-rich or nitrogen-limiting media as indicated in Table 1 (with NH4' and without NH4+, respectively). Nitrogen-limiting medium was nif-derepression medium containing antibiotics as above, but L-glutamine at only 100 ,ug/ml. Nitrogen-rich medium was nitrogen-limiting medium supplemented with 0.2% (NH4)2SO4 and 0.2% L-glutamine. The cultures were incubated for 10 hr anaerobically at 30°C and centrifuged, and the ,B-galactosidase activity was determined as described by Miller (21 We have shown elsewhere that the K. pneumoniae and R. meliloti nifH promoters are similar to the extent that the R. meliloti nifH promoter can be activated by the K. pneumoniae nifA product (16) . This activation does not require the glnG product (ref. 16 and Table 1 The experiments demonstrating ginG activation of R. meliloti nifH::iacZ (2-1 to 2-6), were repeated with the fusions in a glnD-background. The ginD product is involved in the derepression of the ginALG operon and glnD-mutants synthesize only low levels of ginG product (24) . As expected, in a ginDstrain, the R. meliloti nifH::iacZ fusion was not derepressed upon NH4' starvation (experiments 3-1 and 3-2). This effect was due to low levels of ginG product and not to a direct requirement for ginD; when the ginG constitutive plasmid, pgln53Y, was introduced into the same strain, activation was restored (experiment 3-3). However, the level of activation was lower than in a parallel experiment using a A(glnALG) strain (experiments 3-4 and 3-5), possibly due to repression mediated by ginL or nonuridylylated ginB product (9, 25) . As before, we found that ginG could not activate the K. pneumoniae nifH::iacZ fusion (experiments 3-6 and 3-8). We also showed that the activation of the R. meliloti and K. pneumoniae nifH::iacZ fusions by nifA did not require ginD product (experiments 3-2 and 3-9, and experiments 3-6 and 3-7).
DISCUSSION
Role of glnF and nifA-Mediated Activation. The current model of nif regulation in K. pneumoniae can be summarized as follows: Under conditions of NH4' starvation, transcription of ginG is activated and ginG gene product, in concert with the ginF gene product, activates transcription of the nifLA operon (reviewed in refs. 1, 2, and 5). The nifA gene product then activates all the other nif operons, which are also subject to repression by nifL under certain physiological conditions such as high 02 tension (3). There has been no evidence presented so far that the proteins of the gin regulatory system interact with any nif operons other than nifLA (4). Rather, it has been proposed that gln-mediated regulation of nif expression is due solely to the action of glnG and ginF products on the nifLA promoter (3). Our demonstration that both ginF and nifA are required for activation of the K. pneumoniae nifH::iacZ and R. meiloti nifH::lacZ fusions is consistent with our previous discovery that nifA can substitute for ginG in activating a number of genes involved in nitrogen assimilation and with the model that nifA evolved from an ancestral ginG gene (13) . Recently, Sibold and Elmerich (26) and Merrick (27) have also found that ginF is required for nifHDK expression even in the presence of a constitutive nifA plasmid.
The mode of action of ginF protein is not known at present. One possible mechanism that has been suggested is that it forms an activating complex with glnG (6); presumably it would function in the same manner in the case of nifA. It has also been proposed that glnF might be acting as the overall nitrogen sensor of the cell by converting glnG to an activator form during NH4' starvation, either directly or indirectly; it might act indirectly by synthesizing a small effector molecule in response to nitrogen deficiency (6, 10) . The latter model is by analogy to the adenylatcyclase-cAMP-cAMP-binding protein system involved in catabolite repression. Our data are not consistent with this model of ginF action for the following reasons: We find that (i) nifA absolutely requires glnF to activate the nifH::iacZ fusion, and (ii) when nifA is synthesized constitutively from a lac promoter in a glnF+ background, it activates nifH::iacZ even in the presence of high levels of NH4+. If ginF were responding to NH4' levels as proposed, activation under these conditions would not be expected. Our results are in agreement with those of Chen et al (9) , who have suggested that the regulatory responses of the cell to NH4' starvation are mediated through ginD and glnL. While our results can be interpreted to suggest that ginF is always present in its active form, we cannot rule out some form of modulation of ginF activity or glnF product synthesis in response to changing NH4' levels.
Differences Between nifA and glnC. If nifA and ginG products interact directly with the nifH promoters, our finding that either nifA or ginG can activate R. meliloti nifH::iacZ but that only nifA can activate K. pneumoniae nifH::lacZ suggests that the nifA and ginG gene products recognize different DNA sequences. In this light, it is interesting to compare the DNA sequences of the two nifH promoters (16) with the DNA sequence of the nifLA promoter (28) ; all three of these promoters can be activated by nifA. As illustrated in Fig. 3 (i) all three promoters share the sequence T-G-C-A in the -12 region; (ii) for the two promoters activated by ginG (R. meijloti nifH and K pneumoniae nifLA), the homologous region at -12 is longeri.e., T-T-T-G-C-A; (iii) in the case of the two nifH promoters, the homologous sequence at -12 is T-G-C-A-C, but there is also a longer 8-base-pair homologous sequence at -30 (A-C-G-G-C-T-G-G). Both of these nifH promoters show strong acti- Genetics: Sundaresan et aL PROM40TER vation with nifA. It is possible that the sequence T-G-C-A at -12 is a common element required by both nifA and ginG products for activation. However, the ginG product might require the complete sequence T-T-T-G-C-A, which is absent in the K. pneumoniae nifH promoter, explaining why this promoter cannot be activated by ginG. Recently, Beynon et al have shown that a consensus sequence T-G-C-A is found at the same location in all the K. pneumoniae nif promoters; they suggest that this sequence is involved in RNA polymerase initiation complex formation in promoters that are active under nitrogen limitation conditions (J. L. Beynon, M. C. Cannon, V. Buchanon-Wollaston, and F. C. Cannon, personal communication).
The observation that the K pneumoniae nifH promoter shows a high degree of specificity for nifA suggests that there has been an evolutionary selection for K. pneumoniae to develop a regulatory system that is highly specific for the nif gene cluster. Because nitrogen fixation is energy intensive, and because the nitrogenase enzyme is oxygen sensitive, it would be advantageous to keep nif genes repressed under aerobic conditions [a function provided by nifL (3)] while keeping other nitrogen-assimilation pathways open. Under such selection, a secondary regulatory circuit for indirect control of the nifgenes by glnLG could have evolved.
In contrast to K. pneumoniae, the symbiotic reduction of N2 by Rhizobium species may not be physiologically as stressful, because both the energy requirement and the 02-protection system are supplied by the plant. Our finding that ginG can activate the R. meliloti nifH promoter raises the possibility that in R. meliloti the genes for nitrogenase are under the direct control of the gin regulatory proteins. [ We should add the caution that an E. coli host was used for these experiments; however, the one Rhizobium RNA polymerase purified, from R. leguminosarum, does recognize the same phage T7 promoters as does E. coli RNA polymerase (29) . ] Such models have been proposed for nif regulation in Rhizobium "cowpea" sp. 32H1 (30) . On the other hand, it is possible that R. meliloti does indeed have a "nifA-like" protein, but that it is intermediate in specificity between the K. pneumoniae ginG and nifA proteins.
In this context we note that a putative regulatory gene closely linked to the nifHDK genes of R. meliloti has been recently identified in our laboratory (W. Szeto 
